REPORT  No.  774 


EFFECT  OF  TILT  OF  THE  PROPELLER  AXIS  ON  THE  LONGITUDINAL-STABILITY  CHARACTER¬ 
ISTICS  OF  SINGLE-ENGINE  AIRPLANES 

By  Hahbt  J.  Goett  and  Noel  K.  Dblany 


SUMMARY 

The  resvUa  oj  tests  qf  a  model  of  a  single-engine  airplane 
with  two  different  tiUs  of  the  2>ropeUer  axis  are  reported  herein. 
The  results  indicate  that  on  a  typical  design  a  6°  downward 
tilt  of  the  propeller  axis  will  considerably  reduce  the  destabilize 
ing  effects  of  power.  This  reduction  is  equivalent  to  as  much 
as  a  0.05  mean  aerodynamic  chord  favorable  shift  of  the  neutral 
point  for  H, 100-horsepower  operation  {at  a  Cj,  of  0.8).  For 
S ^O-horsepower  operation  the  increase  in  the  stability  is  eguic- 
alent  to  a  0.10  M.  A.  O.  shift  in  the  stick-fixed  neutral  point  at 
a  Gj,  of  0.8.  The  improvement  in  handling  characteristics 
{elevator  angle  and  stick  force  against  velocity,  and  stick  force 
against  normal  acceleration)  resulting  from  these  effects  is 
evaluated.  It  is  shown  that,  by  use  of  the  tilted  propeller,  the 
stick  force  in  accelerated  manenvers  can  be  reduced  at  no  sacri¬ 
fice  of  power-on  stability. 

A  comparison  of  the  experimental  results  with  those  computed 
by  use  of  existing  theory  is  included.  It  is  shown  that  the 
results  can  be  predicted  with  an  accuracy  acceptable  for  pre¬ 
liminary  design  purposes,  particularly  at  the  higher  powers 
where  the  effects  are  of  significant  magnitude. 

INTRODUCTION 

The  designer  of  a  modem  pursuit  airplane  is  confronted 
with  the  conflicting  requirements  of  maneuverability  and 
stability  and,  due  to  the  large  effects  of  power,  it  is  becoming 
progressively  more  difficult  to  compromise  these  reqiiire- 
monts  in  a  single-engine  airplane.  Tor  example,  present 
flying  qualities  specifleations  call  for  a  low  stick  force  per 
unit  normal  acceleration  and,  at  the  same  time,  reqviire  stick- 
fixed  and  stick-free  stabihty  under  flight  conditions  where 
the  effects  of  power  are  large  (e.  g.,  a  rated-power  climb  or 
partial-power  approach).  A  low  longitudmal  stability  is 
conductive  to  the  attainment  of  the  former  requirement, 
while  a  high  stability  (with  power  off  or  at  high  speed)  is 
required  by  the  latter.  The  margin  necessary  on  a  modem 
single-eogine  fighter  tends  to  be  so  great  that  in  order  to 
attain  the  desired  light  stick  force  in  maneuvers,  an  xmduly 
close-balanced  elevator  must  be  resorted  to. 

As  an  illustration  of  this  point,  consider  a  typical  single- 
engine  airplane  powered  with  a  2,100-horsepower  engine, 
weighing  14,000  pounds,  and  with  a  wing  loading  of  40 
pounds  per  square  foot.  With  an  airplane  of  normal  dimen¬ 
sions  a  forward  shift  of  the  neutral  point  of  as  much  as  10 
percent  M.  A.  C.  wfll  occur,  due  to  the  application  of  rated 


power  at  a  Cl  of  0.8  (143  mph).  If  stability  is  to  be  main¬ 
tained  in  this  condition,  a  dOmIdOL  of  at  least  —0.10  must 
exist  power  off  (or  at  high  speed  where  the  effects  of  power 
are  small).  If  the  stick  force  in  steady  turns  is  to  be  kept 
within  the  limit  of  8  pounds  per  g  (which  is  required  for  a 
fighter  or  an  attack  airplane),  a  dC„ldde  of  the  order  of 
—0.001  on  Br  30-percent-chord  elevator  is  required.  The 
maintenance  of  this  dose  balance  over  anything  but  a 
limited  devator-deflection  range  wfll  be  difficult,  and  the 
control  will  be  subject  to  overbalance  due  to  small  manufac¬ 
turing  deviations  in  contour  or  due  to  Mach  number  effects. 

It  is  apparent  that  any  design  change  in  the  airplane, 
which  will  reduce  the  destabilizing  effects  of  power,  wfll 
permit  the  reduction  of  the  power-off  stability  which  must 
be  built  into  the  airplane.  Thus,  the  attainment  of  both 
a  low  stick  force  per  g  and  stabihty  in  high-powered  low- 
speed  flight  wfll  be  facilitated.  An  effective  means  for 
decreasing  the  destabilizing  effects  of  power  is  to  give  the 
propeller  thmst  axis  a  sli^t  downward  tilt.  A  5°  tilt  on 
an  airplane  of  normal  nose  length  will  give  the  thrust  axis 
a  moment  arm  of  the  order  of  0.1  M.  A.  C.  about  the  center 
of  gravity.  On  the  typical  airplane  being  considered,  the 
resulting  thrust  moment  ^  fully  effective)  wmfld  cause  a 
stabilizing  increment  of  — 0.04  in  dCn/dCi  at  a  Cx  of  0.8  for 
chmb  with  2100  horsepower  Te=0J27).  The  schematic 
sketch  on  figme  1  shows  that  a  tilt  of  this  magnitude  could 
be  attained  with  very  httle,  if  any,  change  in  the  external 
lines  of  the  airplane. 

In  addition  to  the  effect  of  tilt  of  the  propeller  arising 
directly  from  the  propeller  forces,  there  will  be  a  secondary 
effect  on  the  shpstream  which  also  wfll  be  beneficial.  Since 
the  vertical  component  of  the  thrust  is  decreased  by  tilting 
the  thrust  axis  downward,  the  change  in  downwash  resulting 
from  this  vertical  component  wfll  also  be  decreased.^  The 
stabilizing  effect  of  the  decreased  change  in  downwash  can¬ 
not  be  computed  readily,  but  rough  estimates  indicate  that 
it  could  be  about  half  as  lai^e  as  the  effect  due  to  thrust 
moment. 

Thus,  this '  cursory  examination  indicates  that  the  for¬ 
ward  shift  of  the  neutral  point  might  be  reduced  from  about 
0.10  M.  A.  C.  with  an  untilted  propeller  axis  to  0.04  M.  A.  C. 
with  a  5°  tilt  (figures  given  for  2,100  hp.  at  a  Ol  of  0.8). 
However,  there  was  the  possibility  that  a  given  geometric 
tilt  of  the  thrust  axis  might  not  result  in  an  equal  angular 

>  The  deatabniihig  effects  of  power  are  traceable  In  a  large  measure  to  the  increase  of  down 
wash  In  the  slipstream  and  the  resulting  influence  on  the  tai}.pltchlng  moment. 
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Fioims  1.— Sobematic  Installation  of  tilted  eDglne. 


(b)  Berlsedtafl 

Fiqube  2. — Sln^e-engine  airplane  model  monnted  in  the  7-  by  l(Koot  tunnel 


change  of  the  line  of  action  of  the  thrust.  There  also  was 
a  need  for  verification  of  the  computed  efltects  on  the  tail 
and  a  determination  of  the  influence  of  the  position  of  the 
tail  with  respect  to  the  slipstream.  Accordingly,  the  tests 
reported  herein  were  conducted  on  a  model  of  a  typical 
single-engine  airplane  with  two  different  tilts  of  the  pro¬ 
peller  axis.  This  report  presents  the  results,  shows  the 
effects  on  the  associated  flying  qualities,  and  compares  the 
effects  with  those  computed  from  the  basic  theory  involved. 
The  symbols  used  throughout  the  report  are  defined  in 
appendix  A. 

MODEL  AND  APPARATUS 

All  tests  were  run  in  the  Ames  7-  by  10-foot  wind  timnol 
No.  2.  Figure  2  shows  the  model  mounted  in  the  tunnel. 

A  three- view  drawing  of  the  model  is  shoAvn  on  figure  3. 
It  was  assumed  to  be  a  J{j-scale.  model  of  an  airplane  weigh¬ 
ing  14,700  pounds,  wing  loading  39.2.  The  characteristic 
dimensions  of  the  model  and  the  full-scale  airplane  (assum¬ 
ing  Ks  scale)  are  given  in  the  table  on  figure  3.  The  model 
was  equipped  with  vaned,  slotted  flaps.  It  will  bo  noted 
that  there  are  two  tail  locations:  one  designated  the  normal 
tail  position,  and  the  other  the  raised  tail  position.  Figure 
4  shows  the  location  of  these  tails  relative  to  the  fuselage 
reference  line  (a  line  corresponding  to  an  untilted  thrust 
axis). 

Unless  specifically  stated  otherwise  all  pitching  moments 
herein  are  referred  to  the  0.26  M.  A.  C.  point,  the  location  of 
which  is  shown  on  fig^e  3.  The  relation  of  the  thrust  axis, 
center  of  gravity,  and  wing  is  gi\  en  in  more  detail  in  figure  1 . 
Tilts  of  the  propeller  of  —0.8°  and  — 5. 5°  were  tested.  (Nega¬ 
tive  sign  indicates  a  downward  tilt.)  This  tilt  was  ob¬ 
tained  by  rotating  the  motor  about  a  horizontal  line  passing 
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through  the  center  of  rotation  of  the  propeller.  Thus  the 
vertical  position  of  the  propeller  was  not  affected  by  the 
tilt.  Sufficient  clearance  existed  inside  the  cowl  so  that  the 
motor  could  be  tilted  without  any  alteration  of  the  external 
Hnes  of  the  model. 

Details  of  the  horizontal  tail  surface  are  shown  in  figiu’e  5. 
The  tail  volume  was  0.535,  which  is  believed  to  be  in  the 
normal  range  for  this  type  of  airplane.  The  elevator  was 
restrained  by  an  electrical- type  strain  gage  which  was  used 
for  the  measurement  of  hinge  moments.  In  the  computation 
of  stick  forces  from  the  hinge  moments,  a  32°  movement  of  a 
25.5-inch  stick  was  assumed  with  the  elevator  operating  in  a 
deflection  range  of  20°  to  —30°.  With  a  linear  relation  this 
gives  an  F/HM  of  0.735. 

The  model  was  powered  with  a  100-horsepower  motor 
driving  a  four-blade  single-rotating  propeller.  All  tests 
were  run  with  the  propeller  set  at  a  blade  angle  of  21.0°  at 
the  0.7522.  The  e.vperimentaUy  determined  Tc  against 
VjnD  relationship  for  this  setting  is  shown  in  figure  6.  The 
variation  of  K  (propeller  normal-force  factor)  with  VInD  as 
computed  from  the  experimentally  determined  Cp  against 
VInD  characteristics  of  the  model  propeller  at  a  21.0°  blade 


Basic  data 

FnDjcalo 

Model  scale 

14,700  lbs . 

8.38  ft. 

13.181  sq.  ft, 

1.63  ft. 

8.4. 

2.09  ft. 

1.016  ft. 

67%  span. 
2i%maa 

3.007  sq.ft. 

3.88  ft. 

2J08ft. 

1.208  a. 

46ft_ . 

375  8<I.  ft . .  . 

MAO . 

ft  7  ft 

6.4. . 

ll.ftTft.  ..  _ 

6.68  ft . 

86.3  wi-  ft . 

C.  G,  toO.  P.  oftafl . 

2n.7ft  .  . . 

11.71  ft 

22.6  ft . 

Fioxjre  3.— Three  views  of  a  He-tcale  modd  of  a  sln«l&<aigtne  airplane. 


Fiqxtbe  4.'— Schematic  drawing  of  normal  and  raised  tall  position 
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setting  is  shown  on  figure  7.  The  assumed  full-scale  Tc 
against  Ci  relationships  for  920,  2100,  and  3450  horsepower 
(and  a  wing  loading  of  39.2  Ib./ft.*)  are  shown  in  figure  8. 

TESTS  AND  REDUCTION  OF  DATA 

The  tests  consisted  of  a  series  of  runs  at  constant  values 
of  Tc,  with  flaps  up  and  flaps  deflected  38°,  and  with  the 
propeller  tilted  both  —0.8°  and  —5.5°.  These  tests  were 
made  with  tail  removed,  tail  in  its  normal  position  with 


Total  hortiontal  tall  area  -8SA  sq.  (t. 

Total  elevator  area  alt  ol  hloge  llna-23A  sq..  (t. 
Average  cli«d  alto!  hinge  Una  -LlSlt. 

Fiquee  S.— Details  ol  horitoiital  tafl. 


FtaOBB  A— Variation  of  T.  with  V/nD  for  model  propeller  at  a  blade  an^ e  of  21°  at  0.76 
radius.  Diameter— 2A73  It.,  n— 100  rpe. 


V/nD 


K^omCAVMD)  (i-^5^g^) 

Figusx  T.—Variation  of  K  with  VlnV  for  model  propeller  at  a  blade  angle  of  214)^  at  0.76 

radlose 


0  ^  .4  .6  .6  t.O 


Thrust  coefficient,  Tc 

Fioubb  8. — Assumed  variation  of  thrust  coelBolent  with  lift  coelllclent  In  steady  flight  for 
920, 2,100,  and 8,460 horsepower.  WlngIoadIng-S9.21bJgq.lt.  Propeller  diameter- 12.67  ft. 
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several  elevator  deflections,  and  tail  in  the  raised  position 
with  neutral  elevator  only.  A  similar  series  of  propelleiv 
removed  tests  was  also  made. 

The  values  of  were  selected  so  that  the  thrust  resulting 
from  the  use  of  3,460  horsepower  could  be  simulated  with 
flaps  up  and  2,100  horsepower  with  flaps  down.  The  various 
values  of  Tc  were  obtained  by  holding  the  motor  power  at  its 


safe  limit  and  adjusting  the  test  velocity  to  secure  the  re¬ 
quired  VjnD.  The  test  Keynolds  number  varied  from 
900,000  to  2,500,000  dependent  upon  the  value  of  Tc.  The 
results  obtained  in  this  fashion  were  plotted  against  Tc  as 
the  major  variable  with  angle  of  attack  as  a  parameter. 
Cross  plots  were  then  made  for  the  preselected  Tc  against 
6x  relationships  (shown  in  fig.  8)  equivalent  to  920,  2,100, 


Fioube  10. — ^Effect  of  propeller  operation  on  longitudinal  atabUity  of  a  afngle-engine  airplane  with  two  tilts  of  the  propeller  rtIw.  Normal  tail  position  —5®  flaps  up. 
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and  3,450  horsepower.  The  results  of  these  cross  plots, 
which  are  equivalent  to  the  conventional  constant-power 
polars,  are  presented  herein. 

RESULTS  AND  DISCUSSION 

PITCHING  MOMENT,  FLAPS  UP 

The  effect  of  propeller  operation  on  the  pitching  moment 
of  the  model  (tail  in  normal  position)  with  two  different 


propeller  tilts  is  shown  in  figures  9  to  1 1 .  The  shift  in  neutral 
point  at  various  lift  coefficients,  as  determined  from  dO^ldOt 
about  the  0.25  M.  A.  C.  point  with  elevator  deflected  for 
trim,  is  shown  on  figure  12. 

From  inspection  of  these  figures  the  beneficial  effect  of  tilt 
of  the  propeller  axis  is  evident.  The  characteristic  desta¬ 
bilizing  effect  of  power  is  present  with  the  —0.8°  tilt,  while 
with  the  —5.5°  tilt  it  is  either  considerably  decreased  or 


Lift  coefficient,  Ct. 

(a)  Tntof  the  propeller  axis— —3®  (b)  TDt  of  the  propeller  axJ8=—6Ji® 


Figubs  II. — Effect  of  propeller  operation  on  longitadinal  stabOity  of  a  single-engine  airplano  with  two  tilts  of  the  propeller  axis.  Normal  tall  position  6*^  flaps  up. 


Lift  coefficient,  Ct, 

(a)  Tilt  of  the  propeller  axis— —.S^  (b)  Tilt  of  the  propeller  axis-— 5.6® 

FinuBEl2. — Eflectof  propeller  operation  on  neutral  point  location  of  a  sincle-englne  airplane  with  two  tuts  of  the  propeller  axis.  Normal  tall  position— elevator  dofloctod  to  Irlin- flup.'t  up. 
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entirely  eliminated,  dependent  on  the  load  carried  by  the  tail 
(as  determined  by  the  elevator  deflection).  It  will  be 
observed  from  figure  12  (a)  that,  at  a  Cl  of  0.8,  the  applica¬ 
tion  of  2,100  horsepower  causes  a  forward  shift  in  neutral 
point  of  0.10  M.  A.  C.  with  the  —0.8°  tilt  in  contrast  to  0.05 
M.  A.  C.  shift  with  the  —5.5°  tilt.  Thus,  the  beneficial 
effect  of  the  tilt  is  equivalent  to  a  shift  in  the  neutral  point 
of  0.05  M.  A.  C.  compared  to  the  possible  0.06  M.  A.  C.  shift 


discussed  in  the  Introduction.  A  more  extended  comparison 
of  experimental  and  computed  results  is  given  in  the  section 
Application  to  Other  Designs.  As  indicated  therein  the 
correspondence  between  the  computed  and  experimental 
results  varies  somewhat,  dependent  on  the  power  and  Cl- 
However,  in  general,  the  correspondence  tends  to  be  best  at 
the  higher  powers  where  the  effects  are  greatest. 

From  the  data  presented  in  figure  13  (for  tail  off)  and 


(a)  Tilt  of  the  propeller  aiisa—X°  (b)  Tilt  of  the  propeller  ails-— 6.6° 

Fioube  13.— Effect  of  propeller  operation  on  longitudinal  stability  of  a  single-engine  airplane  with  two  tilts  of  the  propeller  ails.  Tall  off,  flaps  up. 


(a)  Tlltof  the  propeller  alia— —.8°  (b)  Tilt  of  the  propeller  ails— —6^° 

FinOBE  14.— Effoot  of  propeller  operation  on  longitudinal  stability  of  a  single-engine  airplane  with  two  tilts  of  the  propeller  ails.  Raised  tall  position,  6.-0°.  flaps  up. 
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Lift  cosWcient,  Cx, 

0  .2  .4  .6  .a  iO  1^ 


Fiqvbe  16. — Experimental  Increment  In  pltdilng  moment  dne  to  propeller  tilt.  Flaps  np, 
taQ  off,  and  tall  on  with  eleeator  neutral. 

figure  14  (tail  ia  the  raised  position),  it  is  possible  to  deter¬ 
mine  the  extent  to  which  these  affects  are  due  to  the  direct 
propeller  forces  and  the  influence  of  the  tail  height  on  the 
tan  effects.  The  incremental  effects  of  the  tilt  of  the  pro¬ 
peller  have  been  determined  from  the  data  of  figures  9,  13, 
and  14,  and  are  presented  in  figure  15  in  the  form  of  A(AC'„) 
against  Ox,.  It  will  he  observed  that  the  direct  effects  of  the 
propeller  tend  to  predominate  over  the  tail  effects.  The 
increase  in  tail  height  causes  a  decrease  in  the  heneficial 
effect  of  the  tilt,  mainly,  because  with  the  higher  tail  position 
the  over-all  destabilizing  effects  of  power  are  somewhat  less; 
therefore,  there  is  less  to  be  gained  by  a  change.  A  more 
detailed  analysis  of  this  is  given  in  the  section  Apphcation  to 
Other  Designs  along  with  a  comparison  of  the  experimental 
and  computed  results.  It  is  shown  there  that  the  normal 
tail  is  in  such  a  position  as  to  suffer  the  greatest  effects  of 
power;  therefore,  the  effect  of  the  tilt  on  the  tail  pitching 


moment  shown  on  figure  15  is  probably  the  maximum  which 
will  be  measured  for  any  tail  height. 

PITCHING  MOMENT,  FLAPS  DEFLECTED  J8° 

The  effect  of  propeller  operation  on  the  pitching  moment 
of  the  model  with  flaps  deflected  is  shown  in  flgures  16  to  20. 
The  location  of  the  neutral  point  at  various  lift  coefficients 
as  determined  from  dCmjdCL  'with  elevator  deflected  for  trim 
is  shown  on  figure  21. 

The  trend  of  the  results  is  the  same  as  that  observed  with 
flaps  up.  In  a  t3rpical  approach  condition  (920  hp.  at  a 
Gl  of  2.0)  a  favorable  neutral  point  shift  duo  to  the  tilt  of  as 
much  as  0.035  M.  A.  C.  is  realized.  With  2100  horsepower 
the  shift  is  0.05  M.  A.  C.  at  this  Gz.  Figure  22  shows  that 
the  major  portion  of  the  incre^e  in  stabilily  came  from  the 
direct  propeller  forces.  The  A(AC4i)  with  tafl.  off  is  very 
nearly  equal  to  that  with  tail  on  up  to  a  Gz  of  1.6.  As  will 
be  shown  later  this  is  due  to  the  fact  that  the  slipstream 
passes  under  the  tail,  and  thus  there  is  very  little  difference 
in  the  change  in  pitching  moment  resulting  from  the  tUt  for 
the  two  tail  heights. 

EFFECT  ON  HINGE  MOMENT  AND  LIFT 

Elevator  hinge  moment  for  flaps  up  and  flaps  deflected  38° 
is  presented  m  figures  23  and  24.  There  is  httle  or  no 
change  due  to  tiltiag  the  thrust  line.  This  might  be  expected 
since  dG^Jdi^  is  small  for  the  model  tested  and  the  average 
velocity  over  the  tail  is  not  changed  to  a  very  large  extent 
due  to  tilt. 

The  majdmum  lift  coefficient,  tail  off,  was  decreased  0.06 
for  flaps  retracted  and  0.07  for  flaps  deflected  with  2,100 
horsepower  (fig.  25).  The  decrease  in  lift  is  directly  trace¬ 
able  to  the  change  in  the  vertical  component  of  the  thrust 
and  normal  force.  The  low-power  maximum  lift,  which 
will  be  more  frequently  used,  is  decreased  about  0.04, 
probably  a  neghgibl^  amount. 

EFFECT  ON  THE  LONGITUDINAL  HANDLING  QUALITIES 

The  longitudinal  handling  qualities  were  predicted  for 
flaps  up  (flg.  26)  and  flaps  deflected  (fig.  27)  from  the  data 
previously  presented  for  the  various  power  conditions  tested. 

Flaps  retracted. — ^The  stick  force  against  velocity  curves 
were  computed  for  trim  at  C7i=0.6  which  corresponds  to  a 
velocity  of  160  miles  per  hour,  a  normal  climb  speed.  Fig¬ 
ure  26  (a)  shows  that,  with  —0,8°  tilt,  there  is  marginal 
stick-free  stability  with  2,100  horsepower,  while  with  3,450 
horsepower  marked  instability  exists.  In  contrast  to  this, 
with  —5.5°  tilt  (fig.  26  (b)),  considerable  stability  exists  for 
the  2,100-horsepower  conditions  and  the  airplane  becomes 
only  marginally  stable  with  3,450  horsepower.  It  ia  obvi¬ 
ous  from  the  previous  discussion  that,  since  the  tilt  of  the 
propeller  axis  does  not  affect  the  elevator  hinge  moments, 
all  the  change  in  the  stick-free  characteristics  is  due  to  the 
increase  in  the  slope  of  G„  against  Gz.  The  increased  varia¬ 
tion  of  S,  with  Vi  resulting  therefrom  (fig.  26)  causes  the 
more  stable  variation  of  stick  force  with  Vo 

As  was  pointed  out  in  the  Introduction,  the  maintenance 
of  stability  in  the  high-power  low-speed  condition  necessitates 
that  a  high  degree  of  stability  be  present  under  conditions 
where  the  power  effects  are  small  (e.  g.,  high  speed).  This 
condition  is  evident  in  figure  26  (a)  where,  in  order  to  obtain 
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just  marginal  stability  with  2,100  horsepower,  the  basic 
stability  must  be  so  high  that  on  excessive  stick  force  per  g 
(30  lb.)  is  present  in  high-speed  maneuvers.  If  advantage  is 
taken  of  the  decreased  effect  of  power  made  possible  by  the 
tilted  propeller,  the  basic  stability  can  be  considerably  de¬ 
creased  with  a  consequent  reduction  of  the  stick  force  per  g. 
The  decrease  in  stability  normally  would  be  secured  by  a 
decreased  tail  size,  so  that  not  only  would  a  reduction  in 


stick  force  result  from  a  decreased  dOmldOi,  but  also  from  the 
decreased  area  of  the  elevator.  The  precise  evaluation  of 
such  a  saving  could  only  be  made  by  testing  a  reduced  size 
tail.  However,  a  result  ^which  wiU  be  on  the  conservative 
side)  can  be  obtained  from  the  data  available  if  the  decrease 
in  dOmJdOL  is  assumed  to  come  from  a  rearward  movement  of 
the  center  of  gravity.  (The  advantage  gained  from  reduced 
elevator  area  is  not  included  in  this  procedure.)  The  chap- 


FiaUBE  le^Effect  of  propeller  operation  on  longltodlnal  stability  of  a  single-engine  airplane  with  two  tflts  of  the  propeller  ails.  Nonnal  tall  position  flaps  deflected  38°. 


Fioube  17.— Effect  of  propeller  operation  on  longitudinal  stability  of  a  elngle-engfaie  airplane  with  two  tllta  of  the  propeller  ails.  Nonnal  tall  position  6°  flaps  deflected  33°. 


Pitchlng-momsnf  coefficient,  Q,  ^  PItchIng-moment  coefficient,  C. 
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(a)  TOt  of  the  propeller  ails— 


(b)  Tilt  of  the  propeller  ails= -6.6° 


ouBE  18,— Effect  of  propeller  operation  oa  longitudinal  stabOlt?  ofaslngl&englneairplaiie  with  two  tilts  of  the  propeller  ails.  Normal  tall  position  S,--10°  flaps  delleotod  38 
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Fiodbe  19.— Effect  of  propeller  operation  on  longltndlnal  stability  of  a  single,engtiu)  airplane  with  two  tilts  of  the  propeller  ails.  Raised  tall  position  6,=0°  flaps  deflected ! 


Neufra!  point  location-MAC  Pitching-moment  coefficient,  C. 
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FinuBE  20.— Effect  of  propeller  operstlon  oa  longltadlnal  stability  of  a  single-engine  airplane  with  two  tilts  of  the  propoller  axis.  Tall  off.  flaps  deflected  3S°. 
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Fwote  a.— Effect  of  propeller  operation  on  neutral  point  location  of  a  slngle-engino  airplane  with  two  tilts  of  the  propeHer  axis.  Normal  tall  position,  elevator  deflection  to  trim,  flaps 

defleoted  88°. 
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acteristics  for  a  0.30  M.  A.  O.  center-of-gravity  position  with 
—6.5°  tilt  of  the  propeller  are  shown  on  figure  26  (c).  It  wiU 
be  noted  that  the  stick  force  against  velocity  characteristics 
remain  more  stable  than  for  the  — 0.8  tilt  and  0.25  M.  A.  C. 
center-of-gravity  position;  and,  in  addition,  a  reduction  of  10 
poimds  per  g  is  realized  in  the  stick  force  in  maneuvers. 

Flaps  deflected. — The  stick  force  against  velocity  was 
computed  for  a  typical  approach  condition  with  the  elevator 
assumed  trimmed  for  a  Cjc=1.0  and  a  velocity  of  124  miles 
per  hour.  In  this  attitude  if  there  is  a  balked  landing  re¬ 
quiring  the  application  of  power  or  it  power  must  be  apphed 
to  maintain  a  given  sinking  speed,  the  airplane  will  become 
marginally  stable  with  920  horsepower  at  120  nfiles  per 
hour  and  will  he  unstable  throughout  the  speed  range  with 
2,100  horsepower  (fig.  27(a)).  In  contrast,  tilting  the  pro¬ 
peller  gives  satisfactory  stability  for  920  horsepower  and 


marginal  stability  at  about  90  mUes  per  horn  with  2,100 
horsepower  (fig.  27(b)). 

APPLICATION  TO  OTHER  DESIGNS 
It  is  the  purpose  of  this  section  to  show  the  comparison 
between  experimental  results  and  those  which  would  be 
predicted  from  available  theory.  The  demonstration  of 
the  computation  of  the  results  from  this  theory  serves  to 
illustrate  the  methods  by  which  the  effect  of  tilting  the  pro¬ 
peller  can  be  estimated  for  other  designs. 

The  computation  methods  follow  in  general  those  outlined 
in  reference  1,  with  some  modification  in  detail.  These  com¬ 
putations  naturally  divide  themselves  into  two  parts:  one 
dealing  with  the  effects  due  to  the  direct  propeller  forces, 
the  other  dealing  with  the  effects  resulting  from  the  changes 
in  the  slipstream  insofar  as  it  influences  the  contribution  of 
pitching  moment  by  the  tail. 


Lift  coefficient,  Cj,  - 


(a)  920  hp.  (b)  2400  bp. 


FIC.UBK  22, — Experimental  Increment  in  piteblng  moment  doe  to  propeller  tilt.  Flaps  38®.  taS  off  and  tall  on  with  elevator  tmdeileetod. 
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EFFECTS  OF  DIRECT  PROPELLER  FORCES 


gives  the  following: 


Following  conventional  practice,  the  propeller  forces  can 
bo  broken  down,  into  the  component  acting  along  the  thrust 
axis  and  the  component  normal  to  the  thrust  axis.  From 
reference  to  figure  1,  it  is  evident  that  the  moment  about 
the  center  of  gravity  produced  by  these  forces  will  he  as 
follows: 

(1) 


Substituting  for  T  and  N  the  relations 

T=Tc  pV^jy^  (3) 

Np=G}fp  pr\?iy=K  sin  0  pn^D^  (See  note.)  (4) 


Note.— The  expression  for  the  nonnaWotne  component  Is  derived  by  the  method  of  Qlauert 
as  dcsoribed  in  rel^jence  2  (pp.  Ml-Sfnj  and  as  applied  In  reference  1.  An  alternate  method 
which  oonid  be  OSM  vritb  equally  satisfactory  results  Is  the  more  recent  development  of 
Rlbner  ^ferences  3,  i,  and  Several  trials  have  shown  that  the  results  obtained  by  either 

of  the  methods  deviate  about  equal  amounts  from  experimental  results,  provided  the  JC  used 
In  Olauert’s  method  Is  derived  from  a  Op  aednst  VJnD  curve  of  the  actual  propeller  used. 
If  such  ^ta  are  not  available,  the  modlncatlon  of  the  X  of  a  known  propeller  by  Bfbner's 
"side-force  factor"  (reference  6)  to  take  care  of  blade-shape  differences  gives  satisfactory 
results. 


(a)  r.-O  (b)  920hp.  (o)  2400bp.  (d)  3,460  hp. 


prop 


m  2Ty  3  ,  S’  sin  0  21}*  lx 

{yin:D)^~S~  c 

Effect  due  Effect  due  to 
to  thrust  normal  force 


(6) 


For  the  purpose  of  determining  the  effect  of  propeller 
tilt,  the  absolute  magnitude  of  A(7„  is  not  of  interest. 
Rather,  the  difference  in  due  to  the  tilt  of  the 


Fioube  23.— Effect  of  propeller  operation  on  elevator  hinge  moment  of  a  single-engine  airplane 
with  two  tuts  of  the  propeUer  axis.  Normal  taU  position,  flaps  up. 


FiOPBK  24.— Effect  of  propeller  operatlou  on  elevator  hinge  moment  of  a  single-engine  airplane 
with  two  tuts  of  the  propeller  axis.  Normal  taU  position,  flaps  deflected  33°. 


Lift  coeffich 
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FlOimE  28.— Effect  of  propeller  operation  on  longitudinal  handling  diaraoterljtlcs  of  a  single-engine  airplane  with  two  tilts  of  the  propeller  ails.  Steady  flight  normal  tail  position,  flaps  up. 
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Indicated  airspeed,  K,  cnph 

(a)  Tflt  of  the  propeller  ails— A"  cj}.  at  Ai  MA.O.  (b)  Tilt  of  the  propeller  ails--'8A°  e^.  at  AS  MA.O. 

Fioube  27. — SSect  of  propeller  operatfon  on  longftndlnal  haTninng  oharacterlstics  of  a  tlngle-engliie  airplane  with  two  tuts  of  the  propeller  axis.  Steady  flight,  normal  tall  position, 

common  flaps  deflected  SS°. 


Table  I.— COMPUTATION  OF  CHANGE  IN  PITCHING  MOMENT  DUE  TO  DIRECT  PROPELLER  FORCES 


Constants: 


[Flight  Condition;  2400  horsepower.  Flaps  Up] 


Zhi  Z-e4  -Lm  -<U6t 
e  e  “  8.m  8A67  ' 


—0.111 


dCt 


'2.18 


^_11.7^ 
c  “A6T7' 


■IASS 


Plot  of  the  result  AfAC- _ )  against  Cl  Is  given  in  flgnre  29  (b). 
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propeller  (referred  to  hereafter  as  is  to  be 

evaluated.  This  eliminates  any  lai^e  discrepancy  in  the 
absolute  magnitude  of  AOm^^  which  might  exist.  Thus 
the  effect  of  the  tilt  of  the  propeller  in  the  case  at  hand  will 
be  as  follows: 

2Z?*Zi /Z’sia  0_5js  iLsmfl_oA  /«\ 
S  c  \  {V/nUy  (V/nDy  ) 

By  use  of  the  above  equation  and  the  data  of  figures  6,  7, 
8,  and  28,  the  effect  of  the  direct  propeller  forces  was  com¬ 
puted  for  the  several  power  conditions,  flaps  up  and  flaps 
down.  (Table  I  shows  a  sample  computation  for  the  2,100- 
horsepower,  flaps  up  condition  and  serves  as  an  illustrative 
example  of  the  method.)  The  results  and  the  correspondmg 
experimental  data  obtainedj^from^^the  tail-off  runs  are  shown 
on  figures  29  and  30. 


lilsemispan 

Fioobe  28.— Variation  of  npwaah  with  dlrtanca  ahead  of  1/4  chord  Unn  of  elliptlo  wings  of 
various  aspect  ratios. 


The  comparison,  both  with  flaps  up  and  flaps  down,  is 
good  when  considered  on  the  basis  of  A(AG„^  \  It  is 
worthy  of  note  that  the  vertical  force  contnbution  to 
A(A(7„^^^)  consists  almost  entirely  of  a  shift  in  the  curve  and 
contributes  very  little  change  in  slope.  This  suggests  a 
considerable  simplification  of  the  computation  by  consider¬ 
ing  only  the  term  in  the  above  expression  for  A(AC^^_\ 
since  normally  only  the  change  in  slope  is  of  significance, 
the  vertical  shift  of  the  curves  being  unimportant.  If  this 
is  done  and  equation  (6)  is  differentiated,  considering  the 
second  term  a  constant,  the  following  relationship  results: 


dA{AC^  dT,r2lF\rz-sj,  3-os' 
dCt  c  c  , 


(6a) 


This  equation  is  readily  evaluated  since  for  a  given  tilt  of 
the  propeller  dTddCi,  is  the  only  variable  with  Cl. 


Lift  coefficient, 

0  .2  .4  .6  .8  1.0  1.2 


Fiouee  29. — Comparison  of  computed  and  experimental  Increment  of  pitching  moment  due 
directly  to  the  change  of  the  line  of  action  of  the  thrust  and  normal  force  of  the  tated  pro* 
peller.  Flaps  np. 
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EFFECT  ON  THE  TAH,  PITCHING  MOMENT 

In  accordance  witli  the  procedure  of  reference  1  (and  with 
the  simplifying  assumption  that  at  the  tail  with  power 
off  is  equal  to  1),  the  effect  of  shpstream  on  the  tail  pitching 
moment  can  be  broken  down  into  the  following  components; 


Eflfect  due  to  Effect  due  to  com-  Effect  due  to 
change  of  bined  change  in  changed  g 

downwash  dowmvash  and  q  in  the  slip- 

in  the  slip-  in  the  slipstream.  stream, 

stream. 


It  is  to  he  anticipated  that  tilting  the  propeller  axis  will 
affect  the  first  and  second  terms  hy  virtue  of  the  difference  in 
downwash  increment  due  to  power.  This  difference  wiU 
arise  from  the  fact  that  the  vertical  component  of  the  thrust 
is  decreased,  so  that  from  momentum  considerations  the 
downwash  induced  hy  the  propeller  will  he  decreased.  This 
wifi,  he  a  stabilizing  effect.  In  addition,  the  changed  down- 
wash  win  result  in  a  different  juxtaposition  between  the 
slipstream  and  the  tail,  so  that  a  different  area  of  the  tail 
win  be  immersed.  As  a  result  wifi  be  changed,  and 

the  second  and  third  terms  of  the  preceding  equation  win  be 
affected.  This  influence  wfil  be  stabilizing  or  destabilizing, 


dependent  on  the  load  on  the  tail  and  the  original  location  of 
the  tail  in  the  shpstream. 

As  was  the  case  m  considering  the  direct  propoUer  forces, 
the  absolute  magnitude  of  is  not  of  interest  for  this 

analysis,  merely  the  difference  in  this  quantity  caused  by 
tilting  the  propefier  (referred  to  hereafter  as  A(AC'„,^„)). 
However,  this  difference  cannot  be  directly  evaluated  as  it 
was  for  the  direct  propefier  forces,  but  must  be  determined 
by  first  computing  ^Cm^,  for  each  tilt  of  the  propeUer  and 
then  getting  the  difference.  The  steps  involved  in  comput¬ 
ing  are  as  fofiows: 

1.  Determine  the  change  in  downwash  behind  the  propefier. 

2.  Determine  the  location  of  the  tail  in  the  shpstream  and 
the  portion  of  the  tail  area  immersed. 

3.  Determine  the  effective  values  of  Acp  and  Ag/go  for  sub¬ 
stitution  in  equation  (7). 


Note. — It  shotild  be  noted  that  dCmJdlt  Is  the  power-ofl  value  measured  at  an  angle  of 
attack  where  the  tall  Is  free  of  wake  effects.  This  Is  normally  the  highest  dCmJdit  measured 
throughout  the  angleK>f-attaek  range.  In  contrast  is  the  actual  pltohlng-momcnt  con* 

tribution  of  the  talh  power  off,  that  is,  the  difference  between  the  tall-on  and  tail*off  pltelilng 
moment  at  each  angle  of  attack. 

Normal  deviations  from  the  assumption  of  free-stream  dynamic  pressure  at  the  tall  with 
power  off  will  not  cause  significant  differences  in  as  determined  from  equation  (7). 

If  an  abnormally  large  decrease  in  dynamio  pressure  exists,  the  factor  should  be 

inserted  in  the  first  term  of  equation  (7)  and  (ffo/9)p*«<r  •/  in  the  last  term. 


(a)  920  hp.  (b)  2^00  bp. 


Figitbe  30. — Comparison  of  computed  and  experimental  increment  of  pitching  moment  due  directly  to  the  change  of  the  lino  of  action  of  the  thrust  and  normal  force  of  the  tUtod  propeller. 

Flaps  38*. 
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The  foregoing  procedure  must  be  repeated  for  the  two  tilts 
of  the  propeller  imder  consideration.  The  difference  in 
computed  thereby  will  be  the  effect  of  tilt  of  the 
propeller. 

The  change  in  downwash  is  computed  by  the  method  of 
Glauert  (pp.  367  to  359,  reference  2)  with  an  added  term  to 
take  care  of  the  fact  that  B  does  not  equal  aj-  (fig.  31)  as  it 


Propeller  till  (shown  negafh/e) 


Normal  force 


Propeller  axis 


hct  upwash  due  to  w'mg  - 


Resultant  direction  of 
flaw  at  propeller  disk 


Fuselage  reference  line 
(reference  axis) 


<ir“«+PropeIl8r  Hit 

Q^a^\-Ajct 

=a+propeIIer  Mt+Aa 

Fioube  31.— Scbenmtio  diagram  allowing  daflnltlon  of  angles  at  propeller. 


(b)  AT, 


(2a)a+g)a+t) 

a+2o)[i+oa+«j 


Fioote  32.— Variation  of  Ki  and  Kt  with  T,  and  Kj  (V/nD)*. 


does  m  Glauert’s  original  analysis.  (See  appendixes  B  and 
C.)  Thus, 


Aep=KiaT+K2Acc,^  „ 

(8) 

jr  -  (2®)  (1 +®)  (1  +^) 

(H-2a)[l-fa(l-fZ)] 

(9) 

„  2ak{l-\-a) 

(l+2a)[H-®(l-l-*)] 

(10) 

where  K  is  the  function  of  VjnD  and  blade  angle  for  an 
inclined  propeller  used  previously  for  determining  the  normal 
force  acting  on  the  propeller,  and  is  defined  as 

X.0.365O.(F/«P)(l-^2t^7^)  (U) 

The  variation  of  Ki  and  Kt  with  Tc  and  KKVjnDy  is 
shown  on  figure  32. 

With  the  value  of  Ae^  determined,  the  location  of  the  slip¬ 
stream  and  the  area  of  the  tail  immersed  therein  can  be 
determined  either  graphically  or  analytically  from  the 
geometrical  considerations  outlined  in  figure  33.* 

In  accordance  with  Smelt  and  Davies  (reference  6)  the 
values  of  Ae,  and  Ag/go  are  as  follows: 


where 


(12) 

(13) 
(13a) 

(14) 


and  X  is  an  empirical  factor  which  for  usual  relations  of 
shpstream  and  immersed  tail  will  be  1. 

Substitution  of  the  appropriate  values  of 


•) 

/•// 


p«// 


and  (=iXAep)  in  equation  (7)  then  resiilts  in  ACfm^aij.  It 


should  be  observed  that  dCmidit  and  are  the  values 
estimated,  or  determined  from  power-off  tests. 

The  foregoing  procedure  has  been  carried  out  for  four  tail 
heights,  for  both  propeller  tilts,  and  the  value  of  A{AOm,aii) 
then  determined.  (An  illustrative  computation  for  the 
flaps-up,  2,100-horsepower  conditions  is  given  in  table  11.) 

The  tail  heights  are  0,  2.25  (normal  tail  position),  4.50 
(raised  tail  position),  and  6.75  feet  above  the  reference  line 
which  covers  the  range  likely  to  be  foimd  in  normal  designs. 
In  terms  of  the  propeller  dimensions  the  heights  are  approxi- 


)  This  procedore  is  based  on  the  assumptions  outlined  in  reference  1,  that  the  slipstream 
remains  snbstantially  oylindricaL  Despite  the  distortion  of  the  slipstream  which  is  known 
to  exist,  the  airplanes  of  reference  1 ,  and  at  least  five  other  airplanes  to  which  the  method  has 
been  applied,  show  that  the  aveiam  A<0  and  the  A9/90  in  the  slipstream  computed  from  such 
assumptions  correspond  quite  well  with  experimental  observations.  It  is  true  that  there  is  a 
Idrther  change  in  downwash  induced  by  the  propeller  in  the  flow  outside  the  slipstream.  This 
change  arises  from  the  changed  vortex  system  of  the  wing  in  the  slipstream  flow.  (See  Koning, 
p.  4I1,  reference  2.)  If  absolute  magnltiides  of  were  of  Interest  this  downwash  would 

have  to  be  evaluated-  However,  since  only  the  dlflerence  in  AC,.  due  to  tilt  of  the  propeller 
is  concerned,  only  the  dlflerence  in  A<«  due  to  the  propeller  need  be  evaluated.  On  the 
assumption  that  tilting  the  propeller  wUl  not  appreciably  afleot  the  wing  vortex  system,  the 
dlflerence  due  to  tilt  of  the  propeller  win  consist  entirely  of  that  arising  from  the  reduced 
vertic^  component  of  the  thrust.  This  quantity  is  evaluated  by  equation  (8). 


to 

OS 


Table  II.— COMPUTATION  OF  PITCHING  MOMENT  OF  TAIL  (NORMAL  POSITION) 

[Flight  Condition:  2,100  Horsopower,  Flaps  Up] 

Constants:  Samo  as  tablo  I  plus  tho  following:  £>1^386.3  foot;  dC«/dii“— 0.030,  X“1  (fi“2Jfi  foot 
Part  1— PropoUcr  tilt  —0.8 


a 

(3 

3 

w 

i 

1 

i- 

e 

K 

< 

tS 

r 

< 

% 

• 

<1 

< 

1 

3 

<* 

<1  «>? 

r 

ik 

w 

1^ 

< 

’pH 
/  to 

1 

•0 

{> 

Ih' 

h 

ll 

n't 

«p 

t5 

< 

< 

< 

J 

cJ 

<1 

3 

o 

E- 

-2 

0 

2 

4 

6 

8 

10 

12 

14 

s** 

r 

S** 

aS 

It 

Is 

|2 

S** 

r 

-3.J 

-LS 

.1 

Z5 

4.6 
46 

8.6 

1 

s 

a 

E 

s 

«*? 

? 

ka 

0** 

a2 

^0 

-.70 

-.78 

-.67 

-.30 

.14 

.81 

1.60 

Z46 

3.42 

Ui 

^0 

k. 

as 

P 

-.77 

-.73 

-.61 

-.28 

.23 

.02 

1.73 

2.63 

a67 

-1.23 

.73 

Z6l 

4.23 

6.77 

7.08 

8,27 

9,37 

ia43 

-.  261 
-.016 
.633 
.874 
1. 178 
1.446 
L6S0 
LOU 
2.130 

.65 

L92 

3.28 

4.66 

6.01 

7,38 

8.62 

9.78 

10.72 

-1.78 

-1.19 

-.87 

-.37 

-.24 

-.30 

-.36 

-.41 

-.29 

-.699 
-.467 
-.263 
146 
-.  192 
-.118 
137 
161 
-.119 

-3.20 

-2.73 

-LOS 

-1.62 

-1.26 

-.92 

-.70 

-.60 

-.24 

10.89 

11.66 

12.00 

12.30 

12.46 

12.63 

13.69 

12.63 

12.65 

8.06 

6.01 

4.98 

4.96 

4.96 

4.96 

4.94 

4.91 

4.91 

.645 

.079 

.700 

.714 

.721 

.725 

.729 

.730 

.731 

-.0039 

-.0069 

-.0077 

-.0036 

.0030 

.0120 

.0227 

.0346 

.0470 

.015 

.073 

.148 

.326 

.303 

.378 

.441 

.600 

.647 

-.0001 

-.0006 

-.0011 

-.0008 

.0009 

.0045 

.0100 

.0173 

.0257 

.120 
.092 
.064 
.034 
.004 
-.026 
-.066 
-.062 
-.  108 

.0012 

.0044 

.0068 

.0037 

-.0020 

-.0122 

-.0258 

-.0406 

-.0686 

-.0078 

-.0061 

-.0030 

-.0007 

.0019 

.0013 

.0069 

.0114 

.0142 

EEPOET  NO.  774 — NATIONAL  ADVISORT  COMMITTEE  FOE  AERONAUTICS 


tilt  of  the  propeller  axes  on  the 


LONGinJDINAI/-STABILITT  CHARACTERISTICS  OF 


SINGLE-ENGINE  AIRPLANES  27 


81Ipstreamdls?itai»mentEromwtngtotan>a»»«to  i— 


Slipstream  dlsplaoemont  at  tm  »+>n»  to  i 

Height  of  tan  above  slipstream  hi-mi-ili 

FioTOi  33.-araphleal  lllaatratlott  ot  relation  between  tall  location  and  oentor  line  ot  aUp^tream. 


28 


REPORT  NO.  774 — NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS 


mately  0,  l/3i?,  2/3i?,  and  B  above  the  reference  line.  The 
computed  values  of  A(AC'm^)  are  shown  on  figmes  34  and 
35.  They  furnish  an  idea  of  the  magnitude  of  the  effects 
of  tilt  of  the  propeller  on  the  tail,  and  the  rate  at  which  these 
effects  change  with  tail  height.  It  will  be  observed  that, 
with  flaps  up,  the  normal  tail  is  in  the  position  which  exper¬ 
iences  close  to  the  maximum  effect,  amounting  to  a  change 
in  dCmjdCi,  of  —0.022  at  a  Oi,  of  0.8  (compared  to  —0.046 
obtained  from  the  direct  propeller  forces).  The  higher  tail 
positions  are  farther  from  the  center  of  the  slipstream  and, 
therefore,  less  affected  by  it.  To  give  a  physical  picture  of 
this  effect,  and  to  clarify  the  steps  of  the  computation,  figmes 
36  and  37  have  been  prepared  showing  the  relative  location 
of  the  tail  and  slipstream,  the  tail  area  immersed  and  the 
magnitude  of  the  Ae^  and  Ag/go  effect.  As  shown  on  figme  37, 
with  flaps  down,  the  slipstream  is  below  the  tail  for  the  major 
part  of  the  operating  range  and,  therefore,  A(A(7„^)  is  zero. 
Reference  to  these  two  figmes  will  aid  in  following  the  com¬ 
putation  outline  of  tables  I  and  EC. 

The  extent  to  which  the  experiment  confirms  the  compu¬ 
tations  is  shown  on  figmes  38  and  39,  where  the  summation 
of  the  computed  effect  of  the  direct  propeller, forces  and  the 
tail  effects  is  compared  vsdth  the  experimental  determination. 
For  the  fiaps-up  condition,  where  a  major  portion  of  the  tail 
is  immersed  in  the  slipstream,  the  computations  tend  to  over¬ 
estimate  the  effect  of  the  tilt  of  the  propeller  on  the  tad. 
This  is  probably  due  to  the  slipstream  being  distorted  rather 
than  the  idealized  cylindrical  shape.  The  fact  that  some 
small  effect  is  measmed  flaps  down,  when  the  computations 
indicate  the  tail  to  be  just  out  of  the  slipstream,  fits  in  with 
the  hypothesis.  It  is  worthy  of  note  that  the  theory  indi¬ 
cates  the  proper  trend;  that  is,  the  reduced  effect  of  tilt  on 
the  raised  tail,  which  was  measmed  (fig.  15),  is  predicted 
(fig.  34). 


The  over-all  accuracy  of  the  method  can  be  judged  on  the 
basis  of  figmes  38  and  39.  At  the  higher  powers  (where  the 
effects  of  experimental  scatter  axe  less  pronoimced)  the  pre¬ 
dicted  increment  in  A(A(7m)  tends  to  run  between  1.1  and  1.2 
of  that  measmed.  It  is  believed  that  such  a  check  is  close 
enough  to  justify  use  of  the  method  in  analyses  which  are 
made  in  the  preliminary  design  stage  and  will  serve  to 
evaluate  with  suflScient  accmacy  the  benefits  to  bo  obtained 
from  tilt -of  the  propeller. 

CONCLUDING  REMARKS 

The  experimental  results  are  considered  to  show  quite 
definitely  the  advantages  to  be  gained  by  a  do^vnward  tilt  of 
the  propeller.  It  is  clearly  indicated  that  a  5°  downward  tilt 
of  the  propeller  wiU  cause  a  rearward  sliift  of  the  neutral 
point  ranging  from  0.05  to  0.10  M.  A.  C.  at  normal  climb  lift 
coefficients  with  power  typical  of  modern  airplanes.  This 
should  considerably  ease  the  difficulty  of  obtaining  stability 
under  these  high-power  low-speed  conditions,  so  that  a 
reduction  in  the  high-speed  stability,  where  power  effects  arc 
negligible,  would  be  permissible.  Advantage  can  then  bo 
taken  of  this  fact  in  order  to  ease  the  elevator  balance  require¬ 
ments  for  the  attainment  of  low  stick  forces  per  g. 

The  generalization  of  the  results  is  made  possible  by  the 
use  of  the  computation  procedme  outlined.  It  is  believed 
that  the  check  between  the  over-all  experimental  and  pre¬ 
dicted  results  is  sufficiently  close  to  justify  use  of  the  method 
in  the  preliminary  design  stage. 


Ames  Aeronautical  Laboratory, 

National  Advibory  Committee  for  Aeronautics, 
Moffett  Field,  Calif.,  1944. 


(a)  920  hp.,  Note:  Tans  at  di—Ly  and  higher  are  ont  of  the  slipstream,  therefore 

(b)  2400  hp..  Note:  Tails  at  di— 2.26'  and  higher  are  ont  of  the  siipstream.  therefore  A(AC»,_n^ 


Fiodbi  36. — Computed  change  in  pitching  moment  of  the  tail  due  to  propeller  tilt.  Flaps  deflected  38°. 
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Fioube  38.— SdiemaHo  plotores  of  sUpstream  location  with  two  tats  of  the  propeUor  ails.  Normal  tafl  looatton,  Oaps  0°,  2,100  horsepower. 
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P:OOBE  37.— Scbematlo  pictures  of  slipstream  location  with  two  tnts  of  the  propeller  axis. 
Normal  tall  location,  flaps  deflected  38°,  2,100  horsepower. 
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APPENDIX  A 


SYMBOLS 


The  following  symbols  are  used  in  this  report.  Wherever 
possible  standard  symbols  have  been  used. 


Oj. 

On 

c„ 

AO, 


AO. 


"im/ 


AiAO„) 

dOm/dit 


a 


"In 


D 

B 

P 

n 


T 

Tc 

Np 


a 


■  K 


Kt 

K, 

k 


a 

ap 


Aa™„ 


oS 


Lift  coefl&cient 
Drag  coefficient 
Pit<ming-moment  coefficient 
Change  m  pitching-moment  coefficient  due  to 
direct  propeller  forces 

Change  in  pitching-moment  coefficient  due  to 
shpstream  on  tail 
Summation  of  A0m^-\-0„^^ 

Increment  in  AOm  due  to  propeller  tilt 
Rate  of  change  of  pitching-moment  coefficient 
with  tail  incidence 

Pitching  moment  due  to  tad,  with  power  off. 
If  power-off  force  tests  are  available,  this 
can  be  determined  from  difference  between 
On  with  tad  on,  with  tad  off,  at  equal 
a  (not  equal  Cz,) 

PropeUer  diameter 
Propeller  radius 
Airspeed 

Revolutions  of  propeUer  per  second 
Air  density 

Power  input  to  propeUer 


Power  coefficient 


(Jv) 


Axial  propeUer  thrust 
Thrust  coefficient 

Force  normal  to  propeUer  axis  due  to  inclina¬ 
tion  of  propeUer  to  air  stream 

PropeUer  normal-force  coefficient 
PropeUer  normal-force  factor. 


0.365^  (l  d(y/nD) 


(See  fig.  7  for  variation  of  K  against  V/nD 
for  test  propeUer  at  /3=21.0®.) 

Parameter  for  determining  downwash  behind 
inclined  propeUer  due  to  aj. 

Parameter  for  determining  downwash  behind 
inclined  propeUer  due  to  Aa 
Factor  used  in  computing  Ki  and  K2 


{V/nDy\ 

Tc  ) 


Angle  of  reference  axis  to  relative  wind 
Angle  of  propeUer  thrust  axis  to  relative  wind, 
a-ptUt  of  the  propeUer 

Wing  upwash  at  propeUer  disk  without  sUp- 
stream  inflow  (upflow  positive) 

Wing  upwash  at  propter  disk  with  sUp- 
stream  inflow 


e 


ddjda 


Atp 

Acpj 

Acp^ 

2 

lo 

Ag 


(A€p)«// 

(Ag/gJ 


«// 


Inclination  of  propeUer  axis  to  resultant  direc¬ 
tion  of  wind  at  horizontal  center  lino  of 
propeUer  disk  (ar+Aa) 

Ratio  of  rate  of  change  of  0  to  a  (dependent 
on  distance  ahead  of  wing,  fig.  28) 
Downwash  behind  wing,  with  power  off  (to 
be  taken  as  that  at  center  lino  of  wake 
miless  shpstream  is  very  much  above  or 
below  wing) 

Increment  in  downwash,  in  shpstream  duo  to 
propeUer  forces 
That  part  of  Atp  due  to  ap 
That  part  of  Atp  due  to  Aa 
Local  dynamic  pressure 
Free-stream  dynamic  pressure 
(g— gp)  in  shpstream 

rffective  change  in  these  two  quantities  os 
determined  by  change  in  taU  pitching 
moment 

Velocity  increment  factor  at  propeller  disk 
Air  velocity  through  propeUer 
Velocity  increment  factor  back  of  propeller 

disk(-H-^l-f^‘) 

Air  velocity  back  of  propeUer  disk  in  the 
shpstream 
Wing  area 
TaU  area 

Elevator  area  aft  of  hinge  hne 
Wing  span 

Span  of  taU  immersed  in  shpstream 
Wing  mean  aerodynamic  chord 
Average  chord  of  taU  immersed 
Area  of  taU  immersed  in  shpstream  (6*^X0,,) 
Average  elevator  chord  aft  of  hinge  hne 
TaU  incidence  to  reference  hne 
Elevator  angle,  degrees 

Distance  from  propeUer  disk  to  center  of  gravity 
of  airplane  (measirred  paraUel  to  thrust  lino) 
Distance  from  center  of  gravity  to  elevator  hinge 
hne  (measm’ed  paraUel  to  thrust  lino) 

Distance  from  center  of  gravity  to  thrust  line, 
positive  when  center  of  gravity  is  above  thrust 
line  (measured  perpendicffiar  to  thrust  hne) 
Distance  from  elevator  hinge  hne  to  ref  or  once 
axis,  positive  when  taU  is  above  reference  axis 
(measured  perpendicular  to  reference  axis) 
Distance  from  shpstream  center  lino  to  tail, 
positive  when  shpstream  is  above  tail 
Elevator  binge  moment 

Elevator  hinge-moment  coefficient 

Rate  of  change  of  elevator  hinge-moment  coeffi¬ 
cient  with  taU  incidence 
Elevator  stick  force 
Acceleration  of  gravity  (32.2  ft/sec*) 

Subscripts 

magnitude  of  tUt  of  the  propeUer  axis 


W+a) 

« 


va+s) 

s 

s. 

s, 

b 

K 

c 

C, 

ii 

5. 

h 


d. 

h. 

H 

dOhJdi, 

F 
9 
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In.  the  computation  of  the  normal  force  acting  on  a  pro¬ 
peller  in  the  presence  of  a  wing  it  is  necessary  to  know  the 
additional  effective  tilt  of  the  propeller  (Aa),  caused  by  the 
upwash  in  front  of  the  wing.  In  the  report  this  has  been 
expressed  as 

A  /nr 

Aap<««-ojr— - 577 - (ol) 


Aoipoirtr  01A  ^2^ 


rThnusi  axis 


Propeller'  disk-.. 


Free~^^^^ 

stream 


/  (0-e+Aa)  -  angle 

7  ~  flow  at  propetter 

axis 

Aa  power 


^Aa  power  off 

V  Mar  power  oh 

Fioote  40.— Diagrammatic  representation  of  flow  at  propeller  disk. 

The  relation  between  the  power-off  and  the  power-on  Aa 
takes  into  account  the  increased  axial  velocity  at  the  pro¬ 
peller  (fig.  40)  due  to  inflow.  The  value  of  is 


given  in  figure  28  as  a  fimction  of  the  two  main  variables, 
wing  aspect  ratio  and  distance  forward  of  the  wing  quarter 
chord  line.  (Vertical  location  of  propeller  assumed  to  be 
sufficiently  close  to  a:-axis  of  wing  so  that  it  is  not  a  sig¬ 
nificant  variable.)  This  variation  has  been  derived  as 
follows.  The  downwash  «  at  any  point  along  the  a:-axis  of 
the  wing  with  elliptical  span  loading  will  be 

V^jo  r  X  \  V(6/2)^-i?* 

where 

1?=^  cos  B 


and  6o  is  the  downwash  at  the  lifting  line 

(B4) 

and  in  the  terms  of  the  sign  conventions  of  this  report 

Aa= — £ 

Substituting  in  equation  (B3)  and  differentiating  gives 

d{Aa)  de  2  TWz  [  i*— tj*]  d-q  _ 

~da^-  ^Jo  P  r~l  V(6/2)*-^* 

The  cmwes  of  figure  28  are  a  plot  of  this  equation  for  various 
2/ 

values  of  ^  and  aspect  ratio. 


APPENDIX  C 


In  this  appendix  the  symbol  notation  used  by  Glauert  in 
reference  2  is  used,  rather  than  that  of  the  main  body  of 
this  report,  so  that  ready  cross  reference  can  be  made. 

Glauert  in  reference  2  (pp.  357-360)  develops  a  relation 
between  the  side  force  T  on  a  propeller  and  the  increased 
angle  of  downwash  e  behind  it.  For  the  case  considered  the 
side  force  is  proportional  and 


where 


Y=fiT 

P=kid—e) 

■2(2„^dxJ 


diV/nD) 


The  angle  (B—e)  as  shown  in  figure  123  of  reference  2  is  the 
inclination  of  the  propeller  at  the  propeller  disk.  In  the 
case  of  a  propeller  in  the  presence  of  the  wing,  the  inclina¬ 
tion  of  the  propeller  is  increased  by  Aa,  the  upwash  in  front 
of  the  \vdng  at  the  propeller  disk.  (See  fig.  40  of  this  report.) 
Thus  for  this  case 

P=K{B—e-\-Aa)  (03) 


Substitution  of  this  expression  for  /3  (instead  of  equation 
(02))  in  the  equations 


B—p  V-\-w  1-1-a 

£i  2'u;  2ffi 

0-t-/3  V  -|-2'io  l-|-2ffi 


results  in  the  following 

_  a{l-{-k)B 


l+afl-j-A:)  (1 — tt)  [l-|-a(l-t-ft)] 
g(2a)(l-|-g)(l-|-A:)  ]  Aa2a^(l-|-g) 


"»-lIT+2d)[H-a(l-kA)]l  (l+2a)[l-bg(l-bi)] 

It  will  be  noted  that  the  first  term  of  each  of  the  above 
equations  is  that  due  to  the  inclination  of  the  propeller  to 
the  free  stream  and  is  equal  to  the  Glauert  expression  for 
same.  The  second  term  is  the  supplemental  downwash 
arising  from  the  increase  in  propeller  normal  force  due  to 
the  wing  upwash. 

In  the  report  Ki  and  are  defined  in  accordance  with 
equation  (C7)  so  that 

6i—E.\B-\-K2Aa  (C8) 

The  variation  of  Ki  and  Ki  with  KKVJnDy  and  T.  is 
given  in  figm-e  32. 
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Airplane  model  tests  were  conducted  with  two  different  tilts  of  the  propeller 
a3da.  Results  Indicate  that  a  flve^egree  downward  tilt  of  propeller  axis  will 
cause  rearward  shifting  of  neutral  point  ranging  from  0.05  to  0.10  mean  aero¬ 
dynamic  chord  at  normal  climb  lift  coefficients  with  power  typical  of  modem 
airplanes.  Resulting  Improvement  in  handling  characteristics  is  evaluated. 
Stick  force  can  be  reduced  at  no  sacrifice  of  power-on  stability. 
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